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ABSTRACT
One-hour average ambient concentrations of particulate
matter (PM) with an aerodynamic diameter �2.5 �m
(PM2.5) were determined in Steubenville, OH, between
June 2000 and May 2002 with a tapered element oscillat-
ing microbalance (TEOM). Hourly average gaseous co-
pollutant [carbon monoxide (CO), sulfur dioxide (SO2),
nitrogen oxide (NOx), and ozone (O3)] concentrations
and meteorological conditions also were measured. Al-
though 75% of the 14,682 hourly PM2.5 concentrations
measured during this period were �17 �g/m3, concentra-
tions �65 �g/m3 were observed 76 times. On average,
PM2.5 concentrations at Steubenville exhibited a diurnal
pattern of higher early morning concentrations and lower
afternoon concentrations, similar to the diurnal profiles
of CO and NOx. This pattern was highly variable; how-
ever, PM2.5 concentrations �65 �g/m3 were never ob-
served during the mid-afternoon between 1:00 p.m. and
5:00 p.m. EST. Twenty-two episodes centered on one or
more of these elevated concentrations were identified.
Five episodes occurred during the months June through
August; the maximum PM2.5 concentration during these

episodes was 76.6 �g/m3. Episodes occurring during cli-
matologically cooler months often featured higher peak
concentrations (five had maximum concentrations be-
tween 95.0 and 139.6 �g/m3), and many exhibited strong
covariation between PM2.5 and CO, NOx, or SO2. Case
studies suggested that nocturnal surface-based tempera-
ture inversions were influential in driving high nighttime
concentrations of these species during several cool season
episodes, which typically had dramatically lower after-
noon concentrations. These findings provide insights that
may be useful in the development of PM2.5 reduction
strategies for Steubenville, and suggest that studies assess-
ing possible health effects of PM2.5 should carefully con-
sider exposure issues related to the intraday timing of
PM2.5 episodes, as well as the potential for toxicological
interactions among PM2.5 and primary gaseous pollut-
ants.

INTRODUCTION
Many studies assessing the health effects1,2 of fine partic-
ulate matter (aerodynamic diameter �2.5 �m [PM2.5]) or
factors that affect ambient PM2.5 concentrations3,4 have
used data that represent concentrations averaged over
periods of 24 hr or longer. However, PM2.5 concentrations
at a given location often vary appreciably within a 24-hr
time frame. Fitz-Simmons et al.5 examined hourly PM2.5

concentration data collected in 1999 using 31 monitors
located throughout the United States and discovered an
overall average diurnal profile consisting of morning and
evening maxima, although the pattern varied by location
and from day-to-day at a given location. Chuersuwan et
al.6 found that high 1-hr average PM2.5 concentrations
could occur on days with low 24-hr average concentra-
tions during cool portions of the year in Newark, NJ. In
Atlanta, GA, Weber et al.7 similarly observed that tran-
sient episodes of elevated PM2.5 concentrations evident
among hourly data were largely masked when the data

IMPLICATIONS
Previous studies assessing concentrations of PM2.5 and
their possible health effects in Steubenville, OH, have used
24-hr average data. However, PM2.5 concentrations can
vary considerably on a shorter time scale. To gain insight
into these variations, this paper examines nearly 2 years of
continuous (hourly) air monitoring data collected at Steub-
enville. Results highlight characteristics of PM2.5 episodes
that are not captured by 24-hr average data and provide
information that may be useful for developing a PM2.5 re-
duction strategy for Steubenville. Furthermore, the analysis
reveals potentially important features of transient PM2.5

episodes that should be considered when appraising pos-
sible health effects of PM2.5.
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were averaged over 24 hr. These findings collectively sug-
gest that a thorough assessment of PM2.5 and its possible
effects at a given location must include an evaluation of
data having an hourly (or finer) resolution.

Two recent articles8,9 presented analyses of daily
PM2.5, co-pollutant, and meteorological data collected be-
tween May 2000 and May 2002 in Steubenville, OH, as
part of the Steubenville Comprehensive Air Monitoring
Program (SCAMP). The average PM2.5 concentration at
Steubenville during the study period (18.4 �g/m3) ex-
ceeded the annual PM2.5 National Ambient Air Quality
Standard (NAAQS) of 15 �g/m3, suggesting that PM2.5

reduction for Steubenville will likely be required. Statisti-
cally significant associations between PM2.5 and a number
of gaseous co-pollutant and meteorological variables were
discovered, many of which depended on the season and
were particularly strong during certain episodes of ele-
vated PM2.5 concentration. The analyses suggested that
the influence of meteorology must be carefully considered
when developing a PM2.5 reduction strategy for Steuben-
ville, and they highlighted the potential for confounding
by gaseous co-pollutants in epidemiological studies con-
ducted there. However, the understanding gained from
the analyses was ultimately restricted by the limited time
resolution of the data. Fortunately, PM2.5 concentration
also was measured continuously at Steubenville during
SCAMP, resulting in over 14,500 valid hourly data points.
In this paper, these data are analyzed with hourly co-
pollutant and meteorological data to further the under-
standing of PM2.5 in the Steubenville region.

An analysis of hourly PM2.5 concentrations in Steub-
enville has important implications for several areas of
interest related to PM. To develop a successful PM2.5 re-
duction strategy for Steubenville, a thorough understand-
ing of the factors that influence PM2.5 concentrations in
the city will be required. Several studies conducted at
other locations have employed hourly data to gain insight
into such factors. For instance, Hansen et al.10 used
hourly PM2.5 and gaseous co-pollutant data to identify
sources likely contributing to various PM2.5 pollution ep-
isodes in the southeastern United States. Triantafyllou et
al.11 used diurnal profiles to draw inferences about the
influence of meteorological conditions and emission
sources on hourly PM10 concentrations in northern
Greece, and Strohm et al.12 used hourly data to pinpoint
the behavior of PM2.5 concentrations in several midwest-
ern U.S. cities in response to changes in weather condi-
tions during a PM2.5 episode. Other studies13-17 have used
time-resolved measurements of particular aerosol compo-
nents to study the chemistry and origins of PM. Although
continuous PM2.5 composition data are not available for
the Steubenville monitoring site, the available data per-
mit an investigation of the influence of meteorology on

PM2.5 concentrations in Steubenville, as well as the asso-
ciations between PM2.5 and various pollutant gases.

Moreover, although this paper does not attempt to
assess possible associations between PM2.5 and human
health, the analysis presented here provides information
that may be useful in designing and interpreting the re-
sults of PM2.5 health effects studies. Epidemiological stud-
ies1,18,19 that correlated Steubenville’s ambient PM con-
centrations with adverse health effects were performed
with daily average data. A few more recent studies con-
ducted elsewhere, however, have suggested that shorter-
term acute exposures to PM may be more closely associ-
ated with adverse health effects than exposures reflected
by daily average data. Delfino et al.20 found that asthma
symptoms were more strongly associated with 1-hr and
8-hr maximum PM10 concentrations than with 24-hr
mean PM10 concentrations. In addition, Peters et al.21

reported a statistically significant increase in the risk of
myocardial infarction within 2 hr of exposure to short-
term elevated PM2.5 concentrations. By examining hourly
PM2.5 data, this paper allows for a time-resolved charac-
terization of the frequency and intensity of episodes of
elevated PM2.5 concentration in Steubenville, as well as
an assessment of the association between these episodes
and 24-hr average PM2.5 concentrations. Knowledge
about the timing of these episodes also may be important
for assessing human exposure to PM2.5 that is “generated
outdoors”22 in the Steubenville region, because human
activity patterns related to exposure (e.g., time spent out-
doors and changes in home ventilation conditions) likely
vary based on factors such as time of day and meteoro-
logical conditions. Finally, the examination of hourly
PM2.5 and gaseous co-pollutant data collected at Steuben-
ville enables a better understanding of the associations
that were observed among these variables when daily data
were studied. Strong correlations among concentrations
of PM2.5 and gaseous co-pollutants may cause collinearity
problems in epidemiological studies. Moreover, infor-
mation about simultaneous occurrences of elevated con-
centrations of PM2.5 and co-pollutants may be toxicolog-
ically important. Synergistic toxicological interactions
among gaseous and particulate pollutants have been ob-
served;23,24 these interactions are affected by environmen-
tal factors including concentration, sequence, and dura-
tion of exposure.25 Hourly PM2.5 and co-pollutant data
presented in this article could be extrapolated to deter-
mine the potential for such synergistic interactions to
occur during pollution episodes in Steubenville.

METHODS
Ambient Air Monitoring

All data reported in this paper were collected at the
SCAMP central outdoor ambient air monitoring site,8
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located on the campus of Franciscan University of Steuben-
ville in Steubenville, OH. A number of industrial facilities,
including coke plants, metal smelting and processing
plants, coal-fired electric power plants, and manufactur-
ing facilities, are concentrated along the Ohio River,
which flows approximately due north to due south in the
vicinity of Steubenville. The SCAMP monitoring site was
situated atop a bluff that overlooks the river and the
major vehicular thoroughfare through Steubenville, and
it was within a few kilometers of several major industrial
plants. A long-term parking lot near the monitoring site
was usually full but experienced only infrequent traffic.

Ambient PM2.5 mass concentrations were measured
continuously from June 14, 2000, through May 14,
2002, with a Rupprecht & Patashnick Series 1400a ta-
pered element oscillating microbalance (TEOM)26

equipped with a sharp cut inlet for PM2.5. The instru-
ment was configured in the standard way to collect
PM2.5 from a 3 L/min sample stream on a Teflon-coated
glass-fiber filter. The TEOM filter and sample stream
were maintained at 50 °C to remove moisture from the
sampled air and prevent condensation on the filter.
However, operation at this temperature may also cause
the loss of some semi-volatile PM (e.g., ammonium
nitrate, semi-volatile organic compounds, and particle-
bound water), resulting in an underestimation of total
PM2.5 mass.27,28 The magnitude of this artifact depends
on the composition of the sampled PM2.5, and therefore
varies with location and time.27 TEOMs can be equipped
with a Nafion diffusion dryer for moisture removal and
operated at 30 °C to reduce the loss of semi-volatile ma-
terial; however, this was not common practice at the time
of SCAMP. All TEOM data collected during SCAMP were
validated against operational performance criteria estab-
lished by the instrument manufacturer.29

Ambient concentrations of gaseous priority pollut-
ants (SO2, NOx, CO, and O3) were measured continuously
from May 16, 2000, through May 14, 2002, with an Ad-
vanced Pollution Instruments (API) model 900 turnkey
ambient air sampling system, which has been described
previously.9 The NOx analyzer determined concentra-
tions of NOx and NO; NO2 concentrations were computed
by difference. All gas measurements were made in accor-
dance with quality assurance guidelines outlined by the
U.S. Environmental Protection Agency (EPA).30,31 The
performance of each analyzer was monitored by taking
daily (shortly after midnight) calibration readings for zero
and span concentrations of appropriate certified gas stan-
dards. Zero and span control charts were used to deter-
mine the validity of measured data and to determine
when physical adjustments to the instruments were re-
quired.

Meteorological conditions, including wind speed
(WS), temperature (Temp), relative humidity (RH), solar
radiation (Rad), and barometric pressure (BP), were mon-
itored continuously from May 16, 2000, through May 14,
2002, with standard instrumentation (Met One) atop a
10-m tower.

All continuous data were recorded and averaged over
1-hr time periods by an automated data logger. For each
gaseous co-pollutant, to account for changes in instru-
ment performance over time, these hourly average con-
centrations were subsequently corrected by linear inter-
polation between adjacent daily calibration readings.30

Twenty-four-hour average data also were collected at
the Steubenville site, as described previously.8 Mass con-
centrations of PM2.5 were measured each day using the
Federal Reference Method (FRM) for PM2.5. In addition,
for every fourth day of the program, mass concentrations
of fine particulate ionic species (SO4

2�, NO3
�, NH4

�, and
Cl�) were determined by ion chromatography, and mass
concentrations of elemental carbon and organic carbon
were determined by a thermal optical transmittance pro-
cedure. These data were available for comparison with the
continuous data that are the focus of this article.

Accuracy and Precision of TEOM and FRM PM2.5

Measurements
Because of the aforementioned compositionally depen-
dent artifact of the TEOM method for determining PM2.5

mass concentrations, an assessment of the performance of
the TEOM monitor relative to the performance of the
collocated FRM monitor at the Steubenville site was per-
formed. For the purpose of this comparison, hourly TEOM
data were averaged over 24-hr periods corresponding to
the FRM sampling schedule; at least 19 valid hourly data
were required for a valid 24-hr average. Five hundred
fifteen pairs of collocated 24-hr average measurements
were available for the analysis. Measurement errors were
more nearly normal when these data were transformed
with a fourth root Box-Cox transformation; hence, esti-
mates of bias and imprecision were computed in the
transformed metric and then converted back to the orig-
inal scale.

Although often improperly employed for this pur-
pose, regression analysis cannot be used to assess the
bias and precision of two collocated instruments be-
cause, among other problems, the results are inconsis-
tent (i.e., the regression results change depending on
which device is used as the dependent variable). Rather,
because the range of PM2.5 concentrations measured at
the Steubenville site was large (�60 �g/m3) whereas the
sampler imprecision was comparatively small, the data
set was divided into five subgroups with more homoge-
neous PM2.5 concentrations. Figure 1 shows these
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groups in the untransformed metric. This strategy,
which was feasible because of the large number of avail-
able collocated observations, avoids the assumption
that the bias is constant over the entire range of ob-
served concentrations. For each group, the imprecisions
of the FRM and TEOM samplers were estimated (impre-
cision was computed as the square root of the difference
between the variance in the method being considered
and the covariance between the two methods), and the
bias of the TEOM relative to the FRM was computed
(relative bias was assumed to be constant in each
group).

Results are shown in Table 1. The table indicates that
24-hr average PM2.5 concentrations measured by the
TEOM during SCAMP tended to be lower than concen-
trations measured by the FRM sampler, and that the
magnitude of this bias increased with concentration,
ranging from about �3.7 �g/m3 to �8.4 �g/m3 as the
FRM-determined concentration increased from 6.6
�g/m3 to 43.2 �g/m3. Hence, the two samplers have a
nonconstant relative bias. Bias as a percentage of the
FRM-determined PM2.5 concentration decreased as ob-
served concentrations increased. These findings are
consistent with the hypothesis that as the total mass of
PM2.5 increases, so too does the mass of semi-volatile
PM2.5, resulting in a greater amount of mass that can be
lost from the TEOM filter. However, the proportion of
mass lost on high PM2.5 days is smaller than the pro-
portion lost on low PM2.5 days, perhaps because the
PM2.5 mass on high concentration days tends to in-
clude a smaller fraction of semi-volatile material, or

because thermodynamic conditions on high concentra-
tion days are less favorable for volatilization. It should
also be noted that although the bias of the TEOM was
determined relative to the FRM, the FRM is also subject
to artifacts for semi-volatile species32 (although pre-
sumably to a lesser extent than the TEOM) and does not
necessarily measure true ambient PM2.5 concentrations.

Table 1 also shows that the imprecisions (in �g/m3)
of the TEOM and FRM generally tended to increase with
increasing PM2.5 concentration. The estimated impre-
cision of the TEOM ranged from 1.7 �g/m3 for Group 1
to 4.2 �g/m3 for Group 4, and the estimated impreci-
sion of the FRM ranged from 0.0 �g/m3 for Group 1 to
4.2 �g/m3 for Group 5. For a given group, the impreci-
sions of the two methods were generally fairly similar,
differing by no more than 1.7 �g/m3. The greatest dis-
parity occurred for the lowest observed PM2.5 concen-
trations (Group 1), for which the FRM exhibited better
precision than the TEOM.

A more thorough evaluation of the performance of the
TEOM at Steubenville might closely examine the influence
of variables such as season, temperature, RH, and PM2.5

composition. Such variables may be useful for inclusion in
models aimed at adjusting TEOM data for comparison with
air quality standards based on the FRM.33 This article, how-
ever, is not focused on determining compliance with PM2.5

standards, but rather it examines PM2.5 episodes marked by
changes in concentration that are much greater in magni-
tude than the bias observed between the TEOM and the
FRM. Nonetheless, this bias should be considered when
interpreting the results presented here; hourly average PM2.5

concentrations reported in this article are likely lower than
true ambient concentrations.

Figure 1. Scatter plot of paired 24-hr average PM2.5 concentrations
measured with the collocated TEOM and FRM samplers at the
Steubenville monitoring site between June 2000 and May 2002. The
five subgroups used to compute separate estimates of bias and
imprecision are denoted.

Table 1. Bias and imprecision of the TEOM and FRM samplers used

during SCAMP as a function of measured PM2.5 concentration.

Group N

Mean Concentration
(�g/m3)

Relative Bias
of TEOMa

Imprecision
(�g/m3)

TEOM FRM �g/m3 %b TEOM FRM

1 90 2.9 6.6 �3.7 �55.6 1.7 0.0

2 160 6.7 11.4 �4.7 �41.2 1.9 1.3

3 150 12.2 17.8 �5.6 �31.7 2.8 1.8

4 75 22.8 28.6 �5.8 �20.4 4.2 3.8

5 40 34.9 43.2 �8.4 �19.4 4.0 4.2

Notes: Bias and imprecision were computed on the basis of 24-hr average

concentrations; Groups of collocated measurements are defined in Figure 1;

All computations were made in the transformed metric, and then converted

back to the original scale; aBias of the TEOM relative to the FRM, defined to

be negative if the TEOM-measured concentration is lower than the FRM-

measured concentration; bPercent bias � 100 � (relative bias in �g/m3/

mean FRM concentration).
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RESULTS AND DISCUSSION
Statistical Summary of Hourly Air Monitoring

Data
Table 2 presents descriptive statistics for all 1-hr average
PM2.5 concentrations, gaseous co-pollutant concentra-
tions, and weather conditions measured at the Steuben-
ville monitoring site between May 2000 and May 2002.
Some 1-hr average PM2.5 concentrations measured with
the TEOM were negative, probably because the mass of
PM2.5 lost from the filter because of volatilization ex-
ceeded the mass of fresh PM2.5 collected on the filter
during those periods. In addition, negative values were
obtained for several hourly average gaseous co-pollutant
concentration measurements that otherwise met all vali-
dation criteria, indicating that ambient concentrations
were smaller than instrument noise during those 1-hr
periods. Although negative concentrations clearly do not
represent physical reality, these negative values were used
in the analyses presented in this article, because adjusting
them would introduce bias.

As implied in Table 2, the distribution of hourly av-
erage PM2.5 concentrations measured at Steubenville dur-
ing SCAMP was positively skewed. Hourly PM2.5 concen-
trations at the monitoring site were typically low-to-
moderate; half of all hourly PM2.5 concentrations were
�8.6 �g/m3, and 75% were �17 �g/m3. However, large
positive deviations from these typical concentrations
were observed during a number of instances. The maxi-
mum 1-hr average PM2.5 concentration measured during
SCAMP was 139.6 �g/m3, and 1-hr average concentra-
tions �65 �g/m3 were measured 76 times during the
program. Hour-to-hour changes in PM2.5 concentrations
during SCAMP were also typically small in magnitude,

ranging from a twenty-fifth percentile of 0.6 �g/m3 to a

seventy-fifth percentile of 3.3 �g/m3. Rapid short-term

changes in concentration similar to those observed by

Weber et al.7 in Atlanta occurred in several instances,

however. Positive or negative 1-hr changes of �20 �g/m3

occurred 154 times during SCAMP, and positive or nega-

tive 1-hr changes of �60 �g/m3 occurred 4 times. Because

of their particular relevance to understanding possible

causes and effects of ambient PM2.5 concentrations, epi-

sodes marked by these abnormally elevated PM2.5 concen-

trations and rapid changes in concentration are the major

focus of this article.

The distributions of hourly average gaseous co-pol-

lutant concentrations measured at Steubenville were also

positively skewed. Despite the prevalence of point source

emissions of gaseous pollutants in the Steubenville re-

gion, 1-hr average gaseous pollutant concentrations mea-

sured during SCAMP were well below regulatory levels set

by the EPA. No hourly CO concentration exceeded the

1-hr CO NAAQS of 35 ppm, and no hourly O3 concentra-

tion exceeded the 1-hr O3 NAAQS of 120 ppb. All 1-hr

average SO2 concentrations were well below the 3-hr SO2

NAAQS of 500 ppb, and all NO2 concentrations were

below the annual NO2 NAAQS of 53 ppb. Nonetheless,

substantial positive deviations from average concentra-

tions were observed for each gaseous co-pollutant. Asso-

ciations between these deviations and occurrences of ab-

normally elevated PM2.5 concentrations will be evaluated

in this article.

Figure 2 presents a scatterplot of 24-hr average PM2.5

concentrations measured with the FRM and maximum

1-hr average PM2.5 concentrations measured during the

Table 2. Descriptive statistics for all valid 1-hr average PM2.5, gaseous co-pollutant, and weather data measured at the Steubenville monitoring site

between May 2000 and May 2002.

Variable N Mean SD Min

Percentile

Max25 50 75 90

PM2.5 (�g/m3) 14,682 12.7 12.5 �9.0 4.3 8.6 17.0 29.5 139.6

SO2 (ppb) 14,969 10.6 14.0 0.4 2.9 6.0 12.4 24.0 233.9

NO (ppb) 13,857 6.8 14.9 �1.4 0.3 1.2 4.9 20.8 215.3

NO2 (ppb) 12,562 12.7 8.9 �0.5 5.6 10.1 18.0 26.0 52.9

NOx (ppb) 12,952 18.8 19.8 �0.8 6.4 11.5 23.5 43.5 196.9

CO (ppm) 14,881 0.30 0.58 �0.19 0.05 0.13 0.29 0.70 8.09

O3 (ppb) 13,482 27.9 19.2 �0.4 12.1 25.7 39.5 54.9 104.3

WS (m/sec) 16,860 2.52 1.40 0.24 1.43 2.23 3.29 4.46 11.78

Temp (oC) 16,853 11.0 10.0 �16.5 2.9 12.1 19.3 23.5 32.8

RH (%) 16,840 72.09 17.80 13.63 59.37 73.72 86.92 94.94 99.64

Rad (W/m2) 14,653 152 236 0 1 8 226 544 1120

BPa (mmHg) 16,849 733.4 4.6 715.5 730.8 733.8 736.4 738.9 746.8

aNot corrected to sea level; measurements were taken �315 m above sea level.
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same 24-hr periods. Twenty-four-hour average concentra-
tions generally indicated the potential for exposure to
high 1-hr average PM2.5 concentrations, although there
were several exceptions. For 5 days, the 1-hr maximum
PM2.5 concentration was �65 �g/m3, whereas the 24-hr
average concentration was �30 �g/m3. Moreover, the
highest hourly PM2.5 concentration observed during
SCAMP (139.6 �g/m3) occurred on a day when the aver-
age concentration was only 35.7 �g/m3. These results are
consistent with previous findings6,7 that short-term expo-
sures to high PM2.5 concentrations can be masked by the
use of 24-hr average data, although extreme occurrences
of this disparity occurred infrequently at Steubenville dur-
ing SCAMP.

Diurnal Patterns in PM2.5 and Co-Pollutant
Concentrations

To preliminarily assess the intraday variability of PM2.5

concentrations in Steubenville, average diurnal patterns
in PM2.5 concentrations measured during SCAMP were
studied. Figure 3a shows the distributions of all hourly
PM2.5 concentrations grouped by time of day (Eastern
Standard Time). An average diurnal profile is slightly dis-
cernible, although it is small compared with the consid-
erable variability (range) in concentrations observed at
each hour. Hence, although PM2.5 concentrations in
Steubenville exhibit an overall average diurnal pattern
when many measurements are averaged together, Figure
3a suggests that substantial deviations from this pattern
can occur. This is consistent with the findings of Fitz-
Simmons et al. in other U.S. locations.5

A noteworthy feature of Figure 3a is that 1-hr average
PM2.5 concentrations �65 �g/m3 were never observed at
Steubenville during the mid-afternoon between 1:00 p.m.
and 5:00 p.m. EST. Rather, the 76 1-hr concentrations
�65 �g/m3 occurred during the morning and, to a lesser
extent, the evening hours. The five highest hourly PM2.5

concentrations observed during SCAMP occurred be-
tween 3:00 a.m. and 8:00 a.m. EST. These findings suggest
that the potential for transient exposure to high outdoor
ambient PM2.5 concentrations in Steubenville is greatest
during the early and mid-morning, and is lowest during
the mid-afternoon. However, the relationship between out-
door ambient PM2.5 concentrations and actual personal

Figure 2. Pairwise comparison of daily average and 1-hr max
PM2.5 concentrations measured at Steubenville between June 2000
and May 2002. Daily averages were measured with the FRM sam-
pler; 1-hr maxima were measured with the TEOM sampler.

Figure 3. Diurnal patterns in the hourly concentrations of PM2.5 and
gaseous co-pollutants measured at the Steubenville monitoring site
between May 2000 and May 2002: (a) Box plot showing distribution
of PM2.5 concentrations by time of day (EST). The horizontal lines
denote median concentrations; the boxes extend to the 25th and
75th quartiles; the whiskers extend to the most extreme data points
within 1.5 times this interquartile range. Circular points represent
outliers; connected diamonds represent mean concentrations. (b)
Mean PM2.5 concentrations by time of day. (c) Mean concentrations
of gaseous co-pollutants by time of day.
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exposure to PM2.5 depends on a number of factors, in-
cluding human activity patterns and home ventilation
conditions. An assessment of the implications of the in-
traday timing of outdoor PM2.5 episodes for personal ex-
posure to PM2.5 is beyond the scope of this paper, but it
should be pursued.

Figure 3b, which shows mean PM2.5 concentrations
by time of day plotted on a narrower y-axis scale, more
clearly depicts the overall average PM2.5 diurnal profile
observed at Steubenville. On average, PM2.5 concentra-
tions were relatively constant at 13.5–14 �g/m3 during
the nighttime before increasing to a peak of 15.8 �g/m3 at
8:00 a.m. EST, and then decreasing to an afternoon level
of 10–10.5 �g/m3 by 12:00 p.m. EST. Concentrations
gradually increased back to the nighttime level between
4:00 p.m. and 10:00 p.m. EST. The shape of the average
diurnal profile was approximately the same when data
were studied by season, although a small secondary mid-
afternoon peak was observed during summertime.

Average diurnal patterns in the concentrations of gas-
eous co-pollutants measured at the Steubenville monitor-
ing site are shown in Figure 3c. One early morning point
is missing for each gas, corresponding to the calibration
time of that gas’s analyzer. The average diurnal profiles of
CO and NOx were similar to the average profile of PM2.5;
these gases exhibited pronounced morning maxima at
6:00 a.m. and 7:00 a.m. EST, respectively, and afternoon
minima at 4:00 p.m. EST. O3 concentrations exhibited an
average diurnal profile opposite those for PM2.5, CO, and
NOx. As expected, ozone concentrations were typically
highest during the late afternoon, when photochemical
activity is at a maximum, and were lowest around 6:00
a.m. EST. SO2 displayed a somewhat different and less-
pronounced average diurnal pattern, with a maximum
occurring at 9:00 a.m. EST and local minima occurring at
4:00 a.m. and 7:00 p.m. EST.

One possible explanation for the observed average
diurnal pattern in PM2.5 concentrations at Steubenville is
the influence of anthropogenic emission sources with a
similar pattern. Chuersuwan et al.6 attributed an average
morning (6:00 a.m. to 9:30 a.m. EST) peak in PM2.5 con-
centrations in New Jersey to the influence of local motor
vehicle traffic. Motor vehicle traffic may also contribute to
the morning peak observed in Steubenville’s PM2.5 diur-
nal profile. This argument is supported by the concurrent
peak in CO, which is often used as a tracer for motor
vehicle emissions.17 However, elevated average nighttime
concentrations and the lack of a pronounced peak corre-
sponding to the afternoon rush hour indicate the influ-
ence of other factors as well. Meteorological conditions,
such as temperature, RH, wind speed, and mixing height,
also typically exhibit strong diurnal cycles, and may
help to explain the diurnal pattern observed in PM2.5

concentrations at Steubenville. Case studies presented later
in this article provide further insight into this diurnal pat-
tern and the factors that contribute to its variability.

Episodes of Elevated PM2.5 Concentrations
Connell et al.9 previously examined episodes of elevated
PM2.5 concentrations at Steubenville using daily data col-
lected during SCAMP. However, to better understand the
nature of transient PM2.5 episodes in Steubenville, an
investigation using hourly data is required. For the pur-
poses of this analysis, an episode is defined as a period of
PM2.5 concentrations centered on at least one hourly con-
centration �65 �g/m3, and extending in either direction
to the end of the first 24-hr interval for which all hourly
concentrations are either less than the 90th percentile
concentration (29.5 �g/m3) or missing.

Twenty-two episodic periods satisfying these criteria
were observed during SCAMP. These episodes are summa-
rized in Table 3. As defined above, the duration of epi-
sodes ranged from 56 to 206 hr; however, because each
episode period began and ended with a 24-hr window of
low or missing PM2.5 concentrations, a more accurate
range for the “hearts” of the episodes is 8–158 hr. PM2.5

concentrations often varied appreciably even during the
heart of an episode, however, as will be shown in the case
studies. Nine of the 22 episodes had PM2.5 data recoveries
�100%.

On the basis of 24-hr average data collected at the
Steubenville monitoring site, a previous study8 reported
that PM2.5 concentrations at Steubenville exhibited a sea-
sonal pattern of higher summertime and lower winter-
time concentrations, with the highest mean monthly
concentration observed in August and the lowest ob-
served in December. Table 3 suggests, however, that
short-term episodes of high hourly PM2.5 concentrations
were more likely to occur during autumn than during
summer. Nine of the 22 episodes (40.9%) and 35 of the 76
1-hr PM2.5 concentrations �65 �g/m3 (46.1%) occurred
during the months of September through November,
which included 25.1% of all hourly PM2.5 concentrations
observed during SCAMP. By comparison, only 5 of the 22
episodes (22.7%) and 13 of the 76 highest 1-hr PM2.5

concentrations (17.1%) occurred during the months of
June through August, which included 22.8% of all hourly
PM2.5 observations. In addition, the severity of PM2.5

concentrations reached during the summertime episodes
was mild in comparison to other seasons. Maximum
PM2.5 concentrations for the five summertime episodes
ranged from 67.9 to 76.6 �g/m3; four episodes during
October or November included 1-hr average PM2.5 con-
centrations �95 �g/m3, and an April episode included a
1-hr concentration of 139.6 �g/m3. Collectively, these
findings suggest that although PM2.5 concentrations are
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most chronically elevated during summertime in Steub-

enville, the potential for transient exposure to the highest

1-hr average PM2.5 concentrations is greater during other

times of the year.

Table 3 also shows the Spearman rank-order correla-

tion coefficient (rs) for pairwise comparisons of hourly

PM2.5 concentrations with hourly concentrations of each

gaseous co-pollutant for each episode period. The non-

parametric Spearman correlation was used because data

were highly non-normal in many cases; rs is only shown if

at least 70% of hourly gas concentrations were available

for comparison with hourly PM2.5 concentrations. Values

of rs presented here are used merely in the descriptive

sense to indicate covariation or a lack thereof; to more

thoroughly assess associations among variables, autocor-

relation among the time series would need to be ac-

counted for. Connell et al.9 previously noted strong asso-

ciations among daily concentrations of PM2.5, CO, NOx,

and SO2 during several PM2.5 episodes at Steubenville,

which occurred primarily during climatologically cool

portions of the year. Table 3 shows similar findings for

hourly data. Many but not all episodes were characterized

by strong positive correlations between PM2.5 concentra-

tions and concentrations of CO, NO, NO2, or SO2. For 10

of the 22 episodes, values of rs describing these correla-

tions were �0.7 for at least 2 of the aforementioned co-

pollutants. (As a point of reference, rs values computed

with all hourly data collected during SCAMP were 0.50 for

SO2, 0.46 for CO, 0.33 for NO, 0.50 for NO2, and �0.16

for O3). None of these episodes occurred during summer,

although data were missing for two summertime epi-

sodes. The findings of Connell et al.9 using daily average

data offered limited insight into the nature of the associ-

ations among PM2.5 and co-pollutants, because the data

did not capture the considerable intraday variability often

exhibited by these variables. However, the presence of

considerable positive correlations among hourly PM2.5

concentrations and hourly concentrations of CO, SO2,

and NOx during some PM2.5 episodes at Steubenville

strongly suggests the importance of a common factor

influencing ambient concentrations of these species.

Moreover, the correlations indicate the potential for si-

multaneous exposure to elevated concentrations of PM2.5

and one or more of these co-pollutants.

Table 3. Episodes of elevated hourly PM2.5 concentrations at Steubenville during SCAMP, as defined in the text.

Month
Duration

(hr)

PM2.5

Data Recovery
(%)

Mean PM2.5

Concentration
(�g/m3)

Max PM2.5

Concentration
(�g/m3)

rs for Pairwise Comparison of Gas
and PM2.5 Concentrationsa

SO2 CO NO NO2 O3

1 Aug 2000 108 100 23.4 76.6 0.41 0.18 �0.07 �0.12 NA

2 Aug 2000 76 97 23.6 73.7 0.42 0.76 0.34 0.46 NA

3 Sep–Oct 2000 99 100 23.7 83.1 0.72 0.71 0.43 0.47 �0.27

4 Oct 2000 152 97 26.3 76.9 0.74 0.86 0.65 NA �0.60

5 Oct 2000 206 83 29.6 102.5 NA 0.39 NA NA �0.48

6 Nov 2000 84 100 21.8 95.0 0.63 0.83 0.70 NA �0.55

7 Jan 2001 131 100 25.1 78.9 NA 0.91 0.90 NA �0.38

8 Apr 2001 59 100 24.1 139.6 0.79 0.87 NA NA �0.28

9 Apr–May 2001 163 88 25.2 67.7 0.54 0.71 0.47 0.51 �0.34

10 Jun 2001 151 87 32.0 72.7 0.46 NA NA NA NA

11 Jul 2001 138 100 29.6 67.9 NA NA NA NA NA

12 Jul–Aug 2001 148 84 36.3 72.6 0.45 0.11 �0.13 0.22 0.12

13 Oct 2001 117 82 22.2 97.5 �0.25 0.51 0.34 0.31 �0.42

14 Oct 2001 149 89 21.8 76.0 0.49 0.67 0.64 0.50 �0.65

15 Oct–Nov 2001 78 69 23.5 71.8 0.85 0.84 0.58 0.69 �0.24

16 Nov 2001 62 100 16.6 68.5 0.89 0.84 0.81 0.84 NA

17 Nov 2001 116 100 26.8 106.9 NA 0.60 0.27 0.34 �0.25

18 Dec 2001 120 100 18.5 83.4 0.79 0.83 0.77 0.66 �0.73

19 Jan 2002 101 100 18.8 81.5 0.54 0.62 0.59 0.70 �0.71

20 Mar 2002 102 100 21.6 82.7 0.72 0.82 0.86 0.86 �0.62

21 Mar 2002 73 100 22.5 76.0 0.52 0.85 0.67 0.74 �0.69

22 Apr 2002 56 100 16.9 67.2 0.40 0.54 0.24 0.46 �0.23

Notes: ars � Spearman rank-order correlation coefficient; rs is reported only if �70% of hourly gas concentrations were available for comparison with hourly

PM2.5 concentrations; NA � not applicable.
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Hourly ozone concentrations were negatively corre-
lated with hourly PM2.5 concentrations during all but one
of the episodes shown in Table 3. The lone episode ex-
hibiting a small positive association was the only sum-
mertime episode for which sufficient O3 data were avail-
able. Because ozone consistently exhibits a pronounced
diurnal pattern, the negative correlations of varying mag-
nitudes observed during the other three seasons likely
reflect PM2.5 concentrations following an opposite diur-
nal pattern of higher early morning concentrations and
lower afternoon concentrations.

To assess transport conditions associated with ele-
vated hourly PM2.5 concentrations at Steubenville, 12-hr
backward trajectories from Steubenville were estimated
using the HYSPLIT model34 with Eta Data Assimilation
System (EDAS) data for all hours having a PM2.5 concen-
tration �65 �g/m3. Because these elevated concentrations
generally occurred during the night or early morning,
when vertical mixing heights tend to be low, a starting
elevation of 50 m above model ground level was specified.
Estimated trajectories are plotted in Figure 4. Only one
trajectory is shown for cases in which multiple concen-
trations �65 �g/m3 occurred within 9 hr of each other; as
a result, 30 trajectories are plotted, although 76 hr had
concentrations �65 �g/m3. The trajectories are mostly
concentrated in a swath extending clockwise from ap-
proximately the south-by-southeast to the southwest.
This suggests the possibility that pollutants transported

from point sources located along the Ohio River to the
south of Steubenville contributed to high 1-hr average
PM2.5 concentrations observed at the Steubenville moni-
toring site. However, factors other than transport must
also be considered when assessing the causes of these high
hourly concentrations.

Case Studies of PM2.5 Episodes
To better understand the implications of the data in Table
3, several episodes are now examined as case studies. The
highest 1-hr average PM2.5 concentration (139.6 �g/m3)
observed during SCAMP occurred at 5:00 a.m. EST on
April 23, 2001. The episode containing this observation
(episode 8) had the second shortest duration of the epi-
sodes outlined in Table 3. Time series plots presented in
Figure 5 show hourly average PM2.5 concentrations, co-

Figure 4. Estimated 12-hr backward trajectories from Steubenville
for hours having PM2.5 concentrations �65 �g/m3. Trajectories were
calculated by the HYSPLIT model with EDAS data for a starting
height of 50 m above model ground level. Only one trajectory is
shown for cases in which multiple concentrations �65 �g/m3 oc-
curred within 9 hr of each other. Thirty trajectories are plotted.
Latitude (N) and longitude (W) in degrees are shown on the dotted
lines.

Figure 5. Time series of 1-hr average air monitoring data mea-
sured at the Steubenville station between 9:00 p.m. EST on April 21,
2001, and 8:00 a.m. EST on April 24, 2001 (episode 8). For each
plot, the variable on the left-hand axis is shown in black; the variable
on the right-hand axis is shown in gray. The PM2.5 time series shown
in plot (a) is superimposed on plots (b) through (e) as a dashed line
to facilitate comparison. Tick marks denote every sixth hour; labels
are located at 12:00 a.m. EST. A frontal system passed through the
region within 6 hr of the arrow shown in plot (a).
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pollutant concentrations, and meteorological conditions
measured during the episode. When interpreting the time
series plots, which include multiple y-axis scales, it is
important to carefully consider the range of each scale,
because compressed or expanded scales can exaggerate or
hide the apparent magnitude of fluctuations in the data
being plotted.

As shown in Figure 5a, the “heart” of the episode
occurred entirely during one nighttime period. PM2.5 con-
centrations began to increase gradually as solar radiation
decreased during the late afternoon on April 22, and then
increased more rapidly beginning around midnight. Con-
centrations �65 �g/m3 were observed for 6 consecutive
hours (1:00–6:00 a.m. EST on April 23), and 1-hr average
concentrations �100 �g/m3 were observed at both 3:00
a.m. and 5:00 a.m. EST. The peak at 5:00 a.m. occurred
just as solar radiation began to increase on April 23; PM2.5

concentrations then rapidly decreased to 14.9 �g/m3 by
9:00 a.m. EST. Figures 5b and 5c reveal that concentra-
tions of SO2, NOx, and CO were also elevated well above
their normal levels during the episode and generally

tracked PM2.5 concentrations closely. Maximum concen-
trations of all of these species occurred within 1 hr of 5:00
a.m. EST; during this hour, average concentrations of SO2,
NOx, and CO were 132 ppb, 95.5 ppb, and 3.08 ppm,
respectively. Conversely, ozone concentrations displayed
a pronounced trough during the heart of the episode,
remaining below 10 ppb from 10:00 p.m. EST on April 22
through 7:00 a.m. EST on April 23.

An episode (episode 19) marked by similar character-
istics is presented in Figure 6. A previous analysis9 of this
episode with daily data concluded that concentrations of
PM2.5, CO, SO2, and NOx built up from January 25
through January 27, 2002, during a period of locally high
barometric pressure, and then decreased with the ap-
proach and passage of a frontal system. However, Figure 6
reveals that the episode was not marked by a gradual
buildup and decay in concentrations, but rather consisted
of two distinct nighttime subepisodes characterized by
more acutely elevated concentrations of PM2.5 and these
gases. Each subepisode began with an increase in PM2.5

concentration of 20 �g/m3 or more during the late
evening (8:00 p.m. or 9:00 p.m. EST) and concluded with
a rapid decrease in PM2.5 concentration coinciding with
the morning increase in solar radiation. Like the episode
shown in Figure 5, concentrations of CO, SO2, and NOx

behaved similarly to PM2.5 concentrations during the ep-
isode period, whereas O3 concentrations exhibited an op-
posite pattern.

The episodes depicted in Figures 5 and 6 both oc-
curred just before the passage of a frontal system through
the region. Frontal systems passed through Steubenville
between 7:00 p.m. EST on April 23, 2001, and 7:00 a.m.
EST on April 24, 2001, and between 7:00 p.m. EST on
January 29, 2002, and 7:00 a.m. EST on January 30,
2002.35 The slight decreases in PM2.5 concentration de-
noted by arrows in Figures 5a and 6a likely reflect the
arrival of cleaner air masses with the passage of these
frontal systems. However, it does not appear that the
fronts directly caused the rapid changes in PM2.5 concen-
trations observed during the episodes. Moreover, because
major emissions of CO and SO2 are not generally expected
to originate from a common source, the episodes cannot
be attributed to any single source based on the available
data.

Rather, the pollutant and meteorological data shown
in Figures 5 and 6 suggest the possible influence of noc-
turnal radiational surface inversions. The ability of tem-
perature inversions to affect pollutant concentrations is
well documented.36-38 Nocturnal inversions generally re-
sult from radiational cooling of the earth’s surface, which
in turn causes a shallow layer of air in contact with the
surface to become cooler than the air above. The inver-
sion layer, which is marked by a negative lapse rate (i.e.,

Figure 6. Time series of 1-hr average air monitoring data measured
at the Steubenville station between 10:00 p.m. EST on January 25,
2002, and 2:00 a.m. EST on January 30, 2002 (episode 19). Plots
are constructed as in Figure 5. A frontal system passed through the
region within 6 hr of the arrow shown in plot (a).
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increase in temperature with height), is statically stable
and often contains laminar flow.37 Hence, vertical mixing
is inhibited and freshly emitted pollutants are concentrated
within a small volume of air near the surface, resulting in
elevated nighttime concentrations of many locally emitted
pollutants. Ground-level ozone concentrations decrease
substantially during a nocturnal inversion, however, as pho-
tochemical formation of O3 ceases, whereas depletion of O3

by deposition and reaction with concentrated levels of other
freshly emitted pollutants (e.g., NO) occurs rapidly. A pro-
nounced diurnal surface temperature profile (accompanied
by an opposite diurnal RH profile) is expected, reflecting
substantial nighttime radiational cooling. Low nighttime
surface wind speeds contribute to the formation of radia-
tional inversions by limiting mechanical mixing of cool and
warm air; they also result from the vertical stability associ-
ated with these inversions. A morning increase in solar ra-
diation causes heating of the earth’s surface, breaking the
inversion and resulting in rapid decreases in the concentra-
tions of trapped pollutants, as well as an increase in the
concentration of O3.

The periods of elevated nighttime PM2.5 concentra-
tions shown in Figures 5 and 6 exhibit these characteris-
tics of nocturnal inversions. Vertical temperature sound-
ings were not taken at the Steubenville monitoring site;
however, soundings taken daily at 7:00 a.m. EST at the
National Weather Service station in Moon Township, PA,
were available.39 This station is located �38 km east-
northeast of Steubenville, and it is situated 357 m above
sea level. Figure 7 shows vertical temperature profiles
taken at 7:00 a.m. EST on each day of the two episodes
discussed above. (Data were not available for April 22,

2001.) Strong surface-based inversions are evident for
each morning during which acutely elevated concentra-
tions of PM2.5, SO2, NOx, and CO occurred (i.e., April 23,
2001, January 27, 2002, January 28, 2002). However,
mornings during these episodes without high concentra-
tions experienced either no surface inversion or a much
weaker surface inversion. As previously discussed, both of
these inversion-driven pollution episodes ended with the
approach or passage of a frontal system, probably because
winds accompanying the front caused considerable me-
chanical mixing or because overcast conditions or the
arrival of a new air mass disrupted the diurnal radiational
heating and cooling cycle.

Several other PM2.5 episodes observed during SCAMP
also showed evidence of the influence of nocturnal inver-
sions. For instance, episodes 4, 18, 20, and 21, which
occurred in October 2000, December 2001, March 2002,
and March 2002, respectively, exhibited strong diurnal
patterns of higher nighttime concentrations of PM2.5, CO,
NOx, and SO2, and higher daytime concentrations of O3.
Soundings from the Moon Township station showed ev-
idence of the presence of surface inversions during these
episodes, and the strong diurnal patterns in PM2.5 con-
centrations ceased in each case with the passage of a
frontal system. Collectively, these findings suggest that
nocturnal radiational surface inversions are important in
driving elevated nighttime concentrations of PM2.5 and
primarily emitted gaseous co-pollutants in Steubenville,
especially during climatologically cool portions of the
year.

The nature of these inversion-driven episodes must
be carefully considered when assessing potential health

Figure 7. Vertical temperature soundings taken at the National Weather Service station in Moon Township, PA, at 7:00 a.m. EST on (a) April
23–24, 2001, and (b) January 26–30, 2002. Days having the strongest surface-based temperature inversions are shown in black; other days
are shown in gray.
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effects of PM2.5. An elevated 24-hr average PM2.5 concen-
tration may seem to suggest a high risk of exposure to
ambient fine particles throughout the course of the day.
However, during nocturnal inversion-driven episodes,
very high concentrations of PM2.5 occur predominantly
during the overnight hours, when a majority of the hu-
man population is sleeping indoors. Afternoon concen-
trations of PM2.5 during these episodes are considerably
lower. For instance, the 24-hr average FRM-measured
PM2.5 concentration from 9:00 a.m. EST on January 27,
2002, through 9:00 a.m. EST on January 28, 2002, was
49.0 �g/m3; however, during this 24-hr period, hourly
average concentrations were �50 �g/m3 from 9:00 p.m.
EST on January 27 through 5:00 a.m. EST on January 28,
but were �10 �g/m3 from 10:00 a.m. EST to 6:00 p.m. EST
on January 27. The greatest risk for direct outdoor expo-
sure to acutely elevated PM2.5 concentrations in Steuben-
ville might occur during the early part of morning rush
hour as people leave their homes before the nocturnal
inversion has been destroyed. During the overnight pe-
riod, however, the relationship between elevated outdoor
PM2.5 concentrations and actual human exposure to
PM2.5 of outdoor origin is governed primarily by factors
that influence the infiltration of PM2.5 into homes, in-
cluding air-exchange rate, particle filtration by the build-
ing shell, and particle deposition and reaction in the
indoor environment.40 Epidemiological studies assessing
the health effects of PM2.5 in Steubenville and other cities
whose PM2.5 concentrations are frequently influenced by
nocturnal inversions must carefully consider these points
when modeling human exposure to PM2.5.

Furthermore, the PM2.5 episodes considered above
highlight the potential for simultaneous exposure to ele-
vated concentrations of PM2.5 and several co-pollutant
gases in Steubenville. Few controlled toxicological studies
with human subjects have examined the effect of simul-
taneous exposure to PM2.5 and co-pollutants; in perhaps
the most noteworthy study, Brook et al.41 exposed human
subjects to �150 �g/m3 of concentrated ambient fine
particles and 120 ppb of O3 for 2 hr in an attempt to
mimic conditions experienced during actual outdoor pol-
lution episodes. The study found that short-term inhala-
tion of the mixture caused acute conduit artery vasocon-
striction. However, on the basis of hourly data collected
during SCAMP, simultaneous exposure to high concen-
trations of PM2.5 and O3 is less likely to occur in Steub-
enville than simultaneous exposure to high concentra-
tions of PM2.5, CO, SO2, and NOx. In fact, when 1-hr
average O3 concentrations �80 ppb were measured at
Steubenville, PM2.5 concentrations were always �60 �g/
m3; when 1-hr average PM2.5 concentrations �70 �g/m3

were measured, O3 concentrations were always �15 ppb.

A more realistic exposure scenario for Steubenville oc-

curred at 8:00 a.m. EST on November 14, 2001, when

concentrations of PM2.5, NOx, and CO were 106.9 �g/m3,

160.7 ppb, and 4.67 ppm, respectively, and the concen-

tration of O3 was only 4.6 ppb (SO2 data were not avail-

able). These findings suggest that toxicology studies

should focus more attention on potential interactions

between PM2.5, CO, SO2, and NOx.

Not all PM2.5 episodes during SCAMP exhibited the

strong diurnal variations characteristic of nocturnal in-

version-driven episodes. Figure 8 shows a summertime

PM2.5 episode (episode 12) that occurred during late July

and early August 2001. PM2.5 concentrations remained

well above average levels during an extended period,

ranging between 30.3 �g/m3 and 72.6 �g/m3 for 76 con-

secutive hours, but never reached the high levels observed

during the episodes discussed above. Although strong di-

urnal cycles in PM2.5 concentrations are not evident dur-

ing the episode, the highest concentrations did occur

Figure 8. Time series of 1-hr average air monitoring data mea-
sured at the Steubenville station between 3:00 p.m. EST on July 29,
2001, and 6:00 p.m. EST on August 4, 2001 (episode 12). Plots are
constructed as in Figure 5.
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during the overnight hours on August 1–2, probably be-
cause of reduced nighttime mixing heights. Determina-
tions of 24-hr average PM2.5 composition on July 30 and
August 3 reveal that the PM2.5 mass on these days was
dominated by sulfate (47.6% SO4

2� on July 30; 46.2%
SO4

2� on August 3), suggesting a regional episode of
secondary PM2.5 formation driven by warm temperatures,
plentiful solar radiation, and high-pressure–induced stag-
nation. Such an episode affords the greatest opportunity
for simultaneous exposure to elevated concentrations of
PM2.5 and O3; however, concentrations of these species
during the episode were considerably lower than concen-
trations examined by Brook et al.41

Some cooler season PM2.5 episodes also exhibited less
pronounced diurnal patterns. The episode depicted in
Figure 9 (episode 7) occurred during January 2001. In
general, PM2.5 concentrations were elevated from late in
the day on January 11 through early in the day on January
15. Nighttime local maxima are discernible, but dramatic
daytime drops in concentration occurred less regularly

during the episode. This episode has been described pre-
viously on the basis of daily data;9 it was observed on a
regional scale and occurred during a period of locally low
wind speeds, suggesting sustained surface stagnation. The
abrupt drop in PM2.5 concentration on January 15 coin-
cides with the passage of an occluded front through the
region between 7:00 a.m. and 7:00 p.m. EST, likely mark-
ing the arrival of a less polluted air mass.

Collectively, these case studies illustrate the apparent
substantial role of meteorology in causing variations in
the diurnal pattern of PM2.5 concentrations in Steuben-
ville.

CONCLUSIONS
Hourly average PM2.5 concentrations were determined
with a TEOM at a monitoring site in Steubenville, OH,
between June 14, 2000, and May 14, 2002. Hourly average
gaseous co-pollutant concentrations and meteorological
conditions were also measured during this period.

Analysis of these data indicates that PM2.5 concentra-
tions at Steubenville during SCAMP were typically low-
to-moderate; half of the 14,682 hourly concentrations
were �8.6 �g/m3, and 75% were �17 �g/m3. However,
much higher concentrations were observed in some in-
stances. One-hour average PM2.5 concentrations �65
�g/m3 were observed 76 times during the program, and
1-hr changes in concentration �20 �g/m3 were observed
154 times, indicating the possibility for transient expo-
sure to elevated outdoor PM2.5 concentrations in Steub-
enville. Transport during periods containing these ele-
vated concentrations was frequently from the southwest,
south, or south-by-southeast, suggesting the possible in-
fluence of emission sources located along the Ohio River
to the south of Steubenville.

PM2.5 concentrations exhibited an overall average di-
urnal pattern consisting of higher nighttime and lower
afternoon concentrations, with a morning maximum oc-
curring at 8:00 a.m. EST, although this pattern varied
considerably from day to day. It is more noteworthy that
concentrations �65 �g/m3 were never observed during
the mid-afternoon between 1:00 p.m. and 5:00 p.m. EST;
rather, the highest PM2.5 concentrations occurred during
the evening, overnight, and morning hours.

Episodes containing these highest PM2.5 concentra-
tions were studied, and several scenarios associated with
elevated hourly PM2.5 concentrations at Steubenville were
identified. For example, a case study of a summertime
episode revealed that elevated PM2.5 concentrations oc-
curred during a period marked by warm temperatures,
high barometric pressure and above-average afternoon
levels of ozone and solar radiation. These conditions are
associated with the formation of secondary PM2.5 (e.g.,

Figure 9. Time series of 1-hr average air monitoring data mea-
sured at the Steubenville station between 9:00 p.m. EST on January
10, 2001, and 7:00 a.m. EST on January 16, 2001 (episode 7). Plots
are constructed as in Figure 5. A frontal system passed through the
region within 6 hr of the arrow shown in plot (a).
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sulfate). During the episode, hourly average PM2.5 con-
centrations remained �30 �g/m3 for a prolonged period
(76 consecutive hours). Out of 22 PM2.5 episodes identi-
fied during SCAMP, 5 occurred during the months of June
through August. The maximum 1-hr PM2.5 concentration
measured during these months was 76.6 �g/m3.

The remaining 17 episodes occurred during climato-
logically cooler months (9 occurred during the months of
September through November), and often included
higher 1-hr PM2.5 concentrations; 5 of these episodes
included at least one concentration �95 �g/m3. In many
cases, these episodes were characterized by strong associ-
ations between PM2.5 concentrations and concentrations
of CO, NO, NO2, or SO2; O3 concentrations were nega-
tively correlated with PM2.5 concentrations in all cases for
which sufficient data were available. This finding, coupled
with similar overall average diurnal profiles exhibited by
CO, NOx, and PM2.5, may indicate the influence of a
common emission source of these pollutants. However,
case studies of several cool season PM2.5 episodes sug-
gested the substantial importance of nocturnal surface-
based temperature inversions in driving elevated night-
time concentrations of PM2.5 and primarily emitted
pollutant gases, including CO, NOx, and SO2. Afternoon
concentrations of these species were generally substan-
tially lower during inversion-driven episodes, which
ended with the approach or passage of a frontal system.

These findings have several important implications
for areas of interest related to PM2.5. Studies assessing the
possible health effects of PM2.5 in Steubenville and similar
cities should more closely consider potential differences
between the effects of several-hour episodes of acutely
elevated PM2.5 concentrations (e.g., Figure 5) and the
effects of more prolonged episodes of moderately elevated
PM2.5 concentrations (e.g., Figure 8). Moreover, the tim-
ing of short-term transient PM2.5 episodes must be con-
sidered carefully. The highest PM2.5 concentrations at
Steubenville, especially those driven by nocturnal inver-
sions during nonsummer months, tended to occur during
the late evening through early morning hours. Many high
1-hr concentrations during SCAMP occurred overnight,
when most people are sleeping indoors; other high 1-hr
concentrations occurred near the time of morning rush
hour. These factors must be accounted for when modeling
human exposure to PM2.5 of outdoor origin. Timing of
emissions should also be considered when developing a
PM2.5 reduction strategy for Steubenville. Primary emis-
sions during a nighttime surface-based temperature inver-
sion likely have a much stronger immediate impact on
PM2.5 concentrations than primary emissions during an
afternoon period of thorough vertical mixing. Further-
more, results presented here suggest that toxicology stud-
ies should focus more closely on potential interactions

between PM2.5, CO, NOx, and SO2, because elevated con-
centrations of these species often occurred simulta-
neously at Steubenville, especially during nocturnal in-
version-driven pollution episodes.
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